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We have estimated the selective effects of amino acid replace-
ments in natural populations by comparing levels of polymorphism
in 91 genes in African populations of Drosophila melanogaster
with their divergence from Drosophila simulans. The genes include
about equal numbers whose level of expression in adults is greater
in males, greater in females, or approximately equal in the sexes.
Markov chain Monte Carlo methods were used to sample key
parameters in the stationary distribution of polymorphism and
divergence in a model in which the selective effect of each
nonsynonymous mutation is regarded as a random sample from
some underlying normal distribution whose mean may differ from
one gene to the next. Our analysis suggests that ~95% of all
nonsynonymous mutations that could contribute to polymorphism
or divergence are deleterious, and that the average proportion of
deleterious amino acid polymorphisms in samples is ~70%. On the
other hand, ~95% of fixed differences between species are posi-
tively selected, although the scaled selection coefficient (N.s) is
very small. We estimate that ~46% of amino acid replacements
have Nes < 2, ~84% have Nes < 4, and ~99% have Nes < 7.
Although positive selection among amino acid differences be-
tween species seems pervasive, most of the selective effects could
be regarded as nearly neutral. There are significant differences in
selection between sex-biased and unbiased genes, which relate
primarily to the mean of the distributions of mutational effects and
the fraction of slightly deleterious and weakly beneficial mutations
that are fixed.

McDonald-Kreitman test | polymorphism and divergence |
protein evolution

ynonymy in the genetic code results in a natural periodicity

in which the third nucleotide of many codons is only weakly
constrained because any of two or more nucleotides at this
position specify the same amino acid in the polypeptide chain.
Fourfold degenerate codons allow any nucleotide at the third
position, whereas twofold degenerate codons treat either both
pyrimidine nucleotides or both purine nucleotides as synony-
mous. Of the 20 common amino acids, the codons for 12 are
twofold degenerate at the third position, 1 is threefold degen-
erate (isoleucine, which allows U, C, or A at the third position),
and 8 are fourfold degenerate. (In this tabulation, leucine,
serine, and arginine are each counted twice because each is
specified by six codons.) In a typical coding sequence with a GC
content of 50% the average codon degeneracy is 3.

The high level of synonymy in the genetic code is a boon to
population genomics, because the synonymous sites in a coding
sequence serve as a sort of internal control for historical and
demographic factors affecting a population, relatively free of
selective constraint. Because nonsynonymous sites in the same
coding sequence share the same history and demography as the
synonymous sites, but may be subject to greater selective con-
straints or even positive selection, comparisons between non-
synonymous sites and synonymous sites can potentially reveal the
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magnitude and direction of selection pressures operating on the
nonsynonymous sites.

An early application of this approach compared the frequency
spectrum of polymorphic nonsynonymous sites with that of
synonymous sites among sequences encoding 6-phosphoglu-
conate dehydrogenase in a sample of the enteric bacterium
Escherichia coli (1). An excess of low-frequency nonsynonymous
polymophisms suggested that most amino acid polymorphisms in
this enzyme are very slightly deleterious, with a selection coef-
ficient on the order of 6-26 times the reciprocal of the effective
population size. No more than half of all amino acid polymor-
phisms in the enzyme could be considered as selectively neutral.

An important extension of this approach came from Mc-
Donald and Kreitman (2), who compared polymorphisms within
species to divergence between species. This approach avoided
any need to estimate the allele-frequency spectrum of polymor-
phisms, while taking advantage of evolutionary changes through
time. First applied to the Adh gene encoding alcohol dehydro-
genase in three species of the Drosophila melanogaster species
subgroup, the approach yielded evidence that a significant
proportion of amino acid replacements between species are
driven by positive selection. Explicit expressions for the expected
values in comparisons of polymorphism and divergence were
soon developed based on a sampling theory for the independent
infinite-sites model with selection (3). Application of this theory
to the Drosophila Adh data again suggested small selection
coefficients, on the order of five times the reciprocal of the
effective population size, and that the number of amino acids in
the enzyme that are susceptible to favorable mutation at any one
time ranges from 2 to 23.

One limitation of the McDonald-Kreitman test is that, for the
sample sizes typically available, the statistical test for homoge-
neity in a 2 X 2 table is relatively lacking in power. Another
limitation is that such data often include one or more cells whose
entry is 0. Thus there has been an effort to examine polymor-
phism-divergence data across multiple genes to estimate «,
defined as the fraction of amino acid fixations driven by positive
selection (4, 5). Maximum-likelihood approaches yield estimates
of a of 25% =+ 20% across several species of Drosophila (6, 7).
This approach assumes that harmful mutations are so drastically
deleterious, and beneficial mutations so strongly favored, that
their fate is settled so rapidly by selection that they cannot
contribute significantly to the level of amino acid polymorphism.
Considerable evidence suggests that this assumption is not
correct (1, 5, 8-10). To the extent that mildly deleterious and
mildly favorable nonsynonymous substitutions contribute to
amino acid polymorphisms, the estimate of « is biased down-
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ward. The assumption of fluctuating selection leads to somewhat
higher estimates (11).

Quite another approach to the analysis of polymorphism and
divergence makes use of population genetics theory (3) to
estimate the values of the parameters governing mutation,
selection, and random genetic drift at independent nucleotide
sites (12). The intuitive appeal of this approach is that it avoids
the artificial dichotomy between what is selectively neutral and
what is not, but rather focuses on the actual estimates of the
selection coefficients that emerge from the analysis. In this
model, the expected value of each cell in a McDonald-Kreitman
table can be shown to be an independent Poisson random
variable (3), and the parameters governing mutation, selection,
random genetic drift, and time since species divergence can be
estimated by Markov chain Monte Carlo simulation using a
hierarchical Bayesian model (12). In the original formulation,
each nonsynonymous substitution likely to contribute to poly-
morphism or divergence in a particular gene is assumed to have
the same selective effect, but these values can differ from one
gene to the next. The selective effect is scaled according to the
diploid effective population number, which is to say that it is
estimated as some multiple of N,s, where s is the conventional
selection coefficient and N, is the diploid effective population
size. This approach is reliable provided that the species being
compared are sufficiently closely related that multiple nucleo-
tide substitutions at the same site, or synonymous sites mutating
to nonsynomous sites or vice versa, can be ignored (13).

The assumption that each nonsynonymous substitution in a gene
has the same selective effect is obviously artificial, but it served the
original purpose of estimating the distribution of the scaled selec-
tion coefficient among genes (12). A more sophisticated and
biologically realistic model was introduced by Sawyer et al. (9). In
this model, the selective effect of each nonsynonymous mutation
likely to contribute to polymorphism or divergence is regarded as
a random sample from some underlying normal distribution whose
mean but not variance may differ from one gene to the next. The
spirit of the model is analogous to that of analysis of variance, in
which different “treatments” (in this case, genes) have different
“effects” (in this case, mean selective effects). The assumption that
the underlying distributions are Gaussian is natural in a continuous-
time model of selection (14) given the implications of the Central
Limit Theorem, but plausible alternatives should also eventually be
considered.

Changes in demographics can confound the interpretation of
polymorphism and divergence (2, 5, 15). For example, a rapid
dramatic increase in the effective population number will result in
the selective elimination of some deleterious nonsynonymous poly-
morphisms that might previously have remained polymorphic,
thereby reducing the nonsynonymous polymorphisms without af-
fecting nonsynonymous divergence. Demographics need to be
considered for the sibling species D. melanogaster and Drosophila
simulans, which appear to have expanded their range out of Africa
~10,000-15,000 years ago (16, 17), probably with an accompanying
a population bottleneck followed by an expansion (18).

Hence, for Drosophila the ideal polymorphism data would
seem to be that derived from African populations. As it happens,
Proschel et al. (19) have recently acquired such data for a large
set of genes. These data afford a valuable opportunity to apply
the Sawyer model (9) to estimate values of great interest in
population genomics, including the fraction of amino acid
polymorphisms that are deleterious, the fraction of amino acid
differences between related species that are nearly neutral or
positively selected, and the distribution of selection coefficients
among new mutations likely to become polymorphic or among
mutations that are fixed. In this article we present the results of
the analysis. The principal inferences are that the majority of
amino acid polymorphisms within Drosophila species are mildly
deleterious but that a large fraction of amino acid differences
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between species are driven by positive selection. However, the
magnitude of selection that needs to be postulated to explain the
data is extremely small, usually >2 but <10 times the reciprocal
of the effective population size. These results are predicated on
the assumption that most synonymous polymorphisms and fixed
differences are selectively neutral or nearly neutral, and so they
pertain only to amino acid substitutions and not to nucleotide
substitutions in noncoding DNA.

Results

Data. The Proschel et al. (19) data consist of the coding sequences
of up to 12 alleles of each of 91 genes in samples of D.
melanogaster derived from Lake Kariba, Zimbabwe (20). Among
these genes are 33 that are male-biased in their expression, 28
that are female-biased, and 30 that are equally expressed in the
sexes (unbiased). Sex-biased expression means at least a 2-fold
expression difference between males and females (or between
testes and ovaries) as estimated in microarray experiments
(21-23), and unbiased expression means a ratio of expression in
the range 0.75-1.25 (19). These polymorphism data were com-
pared with divergence from a highly inbred line of D. simulans
from Chapel Hill, North Carolina (24) to estimate «, the
proportion of amino acid replacements subject to positive se-
lection (6), and the distribution of scaled selection coefficients
across genes (12), to test for differential selection between
sex-biased and unbiased genes (19). Here, we describe and apply
a model that relaxes the assumption that the selection coefficient
is identical for all amino acid substitutions in each gene. This
model allows us to estimate quantitatively the distribution of
selection coefficients within and among loci and the fraction of
amino acid replacements between species that are selectively
neutral or nearly neutral.

Random-Effects Model of Selection. For the sake of generality,
consider a set of aligned coding sequences without gaps repre-
senting m alleles sampled from one species and # alleles sampled
from the orthologous gene in a related species. The species are
assumed to be sufficiently closely related that multiple substi-
tutions of the same nucleotide are unlikely. We shall disregard
all codons that are monomorphic across both samples and
classify the others into one of four categories: synonymous
divergence (both samples monomophic but differ in a synony-
mous codon), synonymous polymorphic (one or both samples
polymorphic for a synonymous codon), replacement divergent
(both samples monomophic but differ in a nonsynonymous
codon), or replacement polymorphic (one or both samples
polymorphic for a nonsynonymous codon). These four counts
form a 2 X 2 McDonald-Kreitman table (2) for the alleles of any
one locus, and for any set of k loci they form a group of k such
tables.

We assume that all synonymous substitutions are selectively
neutral or nearly neutral but that nonsynonymous substitutions
are each potentially subject to selection. Our objective is to
estimate the distribution of selection coefficients of the nonsyn-
onymous substitutions at each locus. We assume a population of
constant and finite size reproducing continuously in time, so that
the appropriate measure of relative fitness is the malthusian
parameter defined as the natural logarithm of the Darwinian
fitness (14).

Suppose that at the ith locus the distribution of selection
coefficients is normal with mean +; and variance o2, where the
within-locus variance o7, is the same for each locus. Symbolically,
we can write the distribution of selection coefficients for new
mutations at the ith locus as

Y Y + (TWN(O’ 1)’ [1]
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where N(0, 1) is a random sample from a standard normal
distribution. Across loci, the selection coefficients have a normal
distribution with variance o7 + o, where o7 is the between-locus
variance and is equal to the variance among the v; values. These
assumptions imply that the selection coefficients for two new
mutations at the same locus are normally distributed with
variance o7 + o2 and covariance o7 The v values are scaled
according to two times the diploid effective population size,
hence y/2 = N,s, where N, is the diploid effective population
number and s is the conventional selection coefficient.

At equilibrium in a large population, each nonsynonymous
substitution that is polymorphic at the ith locus can be described
by a pair (y, p) where y is drawn from a normal distribution with
mean vy; (the mean scaled selection coefficient) and p is the
proportion of the population that carries the nonancestral
nucleotide at the site. The pairs (y, p) are the points of a 2D
Poisson random field on (—o, +%) X (0, 1). Likewise, if we
define T as the time since divergence of the two species and
assume that 7 is large enough for mutation-selection-drift
equilibrium to have been attained, the selection coefficients of
nonsynonymous fixed differences between the species form a
Poisson random field on (—, +). Similar considerations apply
to polymorphic and divergent synonymous sites, except that the
selection coefficients are all set to 0.

For nonsynonymous polymorphic sites, the mean density of
the Poisson random field is given by

I—exp[-2y(1 —p)] 1
1—exp(=2y) p(—p)

9r,i¢(Y7 Yi» UW) dydp9 [2]

where 6,; is the rate of mutation to nonsynonymous nucleotides
that have a reasonable chance of becoming polymorphic or fixed.
The magnitude of 6,; is scaled by 4N,, where N, is the diploid
effective population size. We stipulate that the only mutations
under consideration are those that have a reasonable chance of
becoming polymorphic or fixed because the polymorphism and
divergence of samples are uninformative about mutations whose
deleterious effects are so severe that they are very unlikely ever
to be present in a sample. In Eq. 2, ¢(y, v, o,) is a normal
probability density function for a random variable y with mean ;
and variance o2

For nonsynonymous fixed differences, the mean density of the
Poisson random field is given by

2y
Ter,id)(y’ Yi» Uw) m dy’ [3]

where T is the time in generations since species divergence,
scaled by two times the diploid effective population size. Egs. 2
and 3 are extensions of Wright’s formulas (25), for which a
different proof was given in Sawyer and Hartl (3) as part of a
derivation of formulas for Poisson random fields.

The corresponding mean densities of the Poisson random
fields for polymorphism and divergence of synonymous sites are,
respectively:

1
Osifd 4
ip 9P [4]

T6;,; [5]

where 6,; is the rate of mutation to synonymous nucleotides,
scaled by four times the diploid effective population size. Be-
cause all synonymous mutations are assumed to be selectively
neutral and so have a reasonable chance of becoming polymor-
phic, 6,; includes all synonymous mutations.

Eqgs. 2-5 imply that each of the cells in a McDonald-Kreitman
table for one locus has a count whose magnitude is distributed
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Table 1. Expected counts for polymorphism and divergence

Divergence Polymorphism
1 1 ;
Synonymous 9“<T T ;> O, lai(m) + ai(n)]

Replacement 0, [Go(vi, 0,)T
+ G (v, oy, m)

+ Gi(vi, oy, )]

Or,i[Gz(%', Ty, M)
+ Galyi, o, )]

as a Poisson distribution whose mean is shown in Table 1, where
a(m)=1+12+ 13+ ... +1/(m — 1) and

GO(’Yi} O-W) = f ¢(y’ Yi> (Tw) 1_7672); dy [6]

o 2y
Gl(yi7 Ty m) = (i)(y: Yi» a-w) 1 o e—2y

fl ll—efzy”
1—py ' ———dpld 7
0( D) R [71

G2(’yi7 Ty m) = d)(y7 Yi» O-W) 1 _ 672)}

[fll—pm—(l—p)ml—e2ypdp]dy )
0

1-p Zyp

In Table 1, the term involving G, counts the number of non-
synonymous substitutions that are already fixed between species,
whereas the terms involving G count the number of nonsyn-
onymous substitutions that are fixed differences in the sample
but polymorphic in one or both populations. Similarly, the term
involving G, counts the number of nonsynonymous substitutions
that are polymorphic in the sample and in the population.

For polymorphism-divergence data across a set of k loci, each
of the k loci has three locus-specific parameters (6,;, 6s;, and ;).
The model also has four global parameters (7, o, 0p, and p),
where u is the average selection coefficient of new nonsynony-
mous mutations across loci. These 3k + 4 = 277 parameters in
the Proschel et al. data (19) were estimated by means of sampling
from Monte Carlo Markov chains whose stationary distributions
simulate those of the mutation-selection-drift process (26, 27).
Details are described in Methods.

Distribution of Selection Coefficients Among New Mutations. In the
model, values of the scaled selection coefficient at the ith locus
are assumed to be drawn from a normal distribution N(vy;, o)
with mean vy; and standard deviation o,,. Across loci, the vy; are
distributed as N(u, o0p). Estimates of these parameters were
obtained from the average across 200,000 samples from each of
10 subchains and are presented here as multiples of the diploid
population size N..

Fig. 1 shows the distributions of the estimated scaled selection
coefficients (yi/2 = N,s) for genes whose expression in mature
flies is male-biased (red), female-biased (green), or unbiased
(blue). Scaled to the diploid population size, the global param-
eter estimates are w = —5.7 = 15.5 and 03, = 2.1 + 2.2, and within
each locus the standard deviation is estimated as o,, = 3.5 = 5.7.
The inferred distributions in Fig. 1 support the commonplace
belief that most nonsynonymous mutations are deleterious. The
nonsynonymous mutations included in Fig. 1 are only a subset of

Sawyer et al.
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B Unbiased expression
W Female-biased expression
M Male-biased expression

Fig. 1. Inferred distribution of scaled selection coefficients Nes among new
nonsynonymous mutations that could plausibly become polymorphic or fixed,
where N, is the diploid effective population number and s is the conventional
selection coefficient. Nes corresponds to the parameter y/2 in Eq. 1. The
mutational distributions exclude all mutations that are lethal or sterile and
those with selective effects that are so deleterious as to preclude their be-
coming polymorphic. The distributions are based on an analysis of 33 genes
whose expression is male-biased (red), 28 genes whose expression is female-
biased (green), and 30 genes with approximately equal expression in adults of
both sexes (blue).

all nonsynonymous mutations, however. They include only those
that could reach a high enough frequency in a population to have
a reasonable chance of being included in a relatively small
sample. Excluded from Fig. 1 are what must be a very large
number of nonsynonymous mutations whose deleterious effects
are so severe that there is essentially no chance of their becoming
polymorphic.

Proportion
positively |
selected
Unbiased Female Male All genes
biased biased
Fig. 2. Estimated proportion of positively selected nonsynonymous muta-

tions among new mutations (N), sample polymorphisms (S), and fixed differ-
ences (F) between D. melanogaster and D. simulans. New mutations include
only those that could plausibly become polymorphic or fixed. The error bars
are the 95% credible intervals around the means. Blue bars indicate genes
expressed approximately equally in adults of both sexes; green bars indicate
genes with female-biased expression; red bars indicate genes with male-
biased expession; and gold bars indicate all genes combined.

Sawyer et al.

Proportion of Amino Acid Polymorphisms That Are Deleterious. Fig.
2 shows the estimated mean proportion of nonsynonymous
substitutions that are positively selected (beneficial). The pro-
portions differ widely among new mutations (N), polymorphisms
present in the samples (S), or fixed differences between the
species (F). The error bars denote the 95% confidence interval
on the estimate of the mean. The results are shown separately for
genes with unbiased adult expression (blue), female-biased
expression (green), male-biased expression (red), and all genes
combined (gold).

For all 91 genes taken together, the fraction of new nonsyn-
onymous mutations that are deleterious averages 0.94 = 0.01.
The preponderance of deleterious new mutations reflects the
estimate of w = —5.7 = 15.5 for the average selection coefficient
of new mutations across loci.

Our analysis also implies that many of the deleterious non-
synonymous mutations that become polymorphic in the popu-
lation attain allele frequencies sufficiently high that they account
for a significant proportion of the polymorphisms observed in
samples. In Fig. 2, among all 91 genes, the expected average
proportion of deleterious amino acid polymorphisms in samples
is 0.70 = 0.06. These results again support the widely held belief
that most amino acid polymorphisms are deleterious and are
maintained in the population by recurrent mutation.

In contrast, while the vast majority of new nonsynonymous
mutations and most amino acid polymorphisms are inferred to
be deleterious, the model also implies that most amino acid
fixations between species are positively selected. In Fig. 2, among
all genes taken together, the average proportion of fixed differ-
ences that are positively selected is 0.94 + 0.20.

Weak Positive Selection for Amino Acid Differences Between Species.
Although our analysis implies that most amino acid replace-
ments between D. melanogaster and D. simulans are associated
with positive selection, the selection coefficients are very small.
The means and standard deviations of the distribution of the
scaled selection coefficients of fixed differences for male-biased,
female-biased, and unbiased genes are 2.5 = 0.3, 2.5 £ 0.5, and
2.4 = 0.4, respectively. These are scaled according to the diploid
effective population size, which in the Drosophila species con-
sidered here is thought to be on the order of 10° (28, 29). The
unscaled mean selection coefficients among fixed amino acid
replacements are therefore on the order of s = 2.5 X 107°.

Comparison of Genes with Sex-Biased or Unbiased Expression. A
previous analysis of these data emphasized evidence for appar-
ently greater selection among genes that are sex-biased in their
expression (19). Our model provides a somewhat more nuanced
breakdown as to the source of the differences. The comparisons
are shown in Table 2, which summarizes the mean values for
various features of the data and compares the 33 male-biased
genes and the 28 female-biased genes with the 30 unbiased genes.
Each P value is based on a null model composed of 10,000
random permutations of the data comparing genes with either
male-biased or female-biased expression against genes whose
expression is unbiased between the sexes.

Interestingly, the difference between the sex-biased genes and
the unbiased genes is not reflected in the proportion of fixed
differences that are positively selected (Ns > 0). The differences
in the sex-biased genes are mainly in the mean of the mutational
distributions and the smaller fraction of slightly deleterious and
weakly beneficial mutations that are fixed. For instance, in
comparison with unbiased genes, male-biased genes have a
significantly higher mean N,s of the estimated mutational dis-
tribution and a significantly lower proportion of nearly neutral
(=1 < N.s < 1) fixed differences (Table 2). Furthermore, the
male-biased genes have a higher overall fraction of positively
selected (Nes > 0) polymorphisms and a greater mean value of
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Table 2. Comparison of sex-biased and unbiased genes

Male-biased Female-biased Unbiased
Feature expression expression expression
Mean vy of estimated mutational distribution —5.5(P=0.02) —5.4 (P =0.02) —-6.2
Proportion of new mutations with Nes > 0 0.066 (P = 0.06) 0.076 (P = 0.01) 0.048
Proportion of sample polymorphisms with Nes > 0 0.316 (P = 0.097) 0.341 (P = 0.042) 0.247
Proportion of fixed differences with Nes > 0 0.952 (P = 0.34) 0.919 (P = 0.77) 0.940
Mean Ns of fixed differences 2.6 (P =0.07) 2.5(P=0.22) 2.4
Mean proportion of fixed mutations with —1 < Nes < 1* 0.209 (P = 0.02) 0.210 (P = 0.03) 0.239

Each Pvalue is based on the results of 10,000 random permutations comparing either male-biased genes or female-biased genes with

unbiased genes (genes whose expression does not differ between the sexes).
*Based on sampling from the stationary Markov chain Monte Carlo distribution.

N,s among fixed differences, although in these comparisons the
differences are marginally significant. The female-biased genes
show similar patterns when compared with the unbiased genes
(Table 2).

Deleterious and Nearly Neutral Amino Acid Replacements. The his-
tograms in Fig. 2 implying a prevalence of positive selection at
first seems at odds with the hypothesis that many amino acid
replacements fixed between species are nearly neutral (30-32).
But the distinction between “near neutrality” and “weak positive
selection” is somewhat arbitrary. To approach the issue quan-
titatively, we estimated the expected proportion of fixed amino
acid replacements in which the scaled selection coefficient is
smaller than some fixed value of N,s. For each gene the estimated
normal density function of the distribution of scaled selection
coefficients among new mutations, weighed by the probability of
fixation, was numerically integrated from —o to N,s for a fixed
value of N,s. The results are shown in Fig. 3 for genes whose
expression is male-biased (red), female-biased (green), or un-
biased (blue). The proportion of fixed differences that are
slightly deleterious (N.s < 0) is by no means negligible. It ranges
from 0.02 to 0.11 and across all genes has a mean and 95%
confidence interval of 0.05 = 0.02. Likewise a significant pro-
portion of fixed differences show weak positive selection (0 <
Nes < 1), across all genes averaging 0.17 = 0.04 (data not shown).

Across all genes, the average proportion of fixed differences
that are positively selected (N.s > 0) is 0.95 = 0.02. Positive
selection is therefore prevalent. On the other hand, the scaled
selection coefficients are very small. For the values of N,s given
in Fig. 3, the means and standard deviations of the estimated
proportion of fixed differences that have scaled selection coef-
ficients smaller than N,s are given by 0.22 * 0.05 (Nes = 1),
0.46 = 0.08 (Nos = 2), 0.68 = 0.07 (Nes = 3), and 0.83 * 0.05
(N.s = 4). Because the proportion of amino acid replacements
that are nearly neutral depends on what value of N,s is chosen
as an upper limit, one could argue that anywhere from 22% to
83% of fixed amino acid replacements are nearly neutral. This
issue is examined further in Discussion.

Define CDF(N,s) as the cumulative density function of fixed
amino acid replacements whose scaled selection coefficient is
smaller than N,s, and a(N,s) as the proportion of fixed amino
acid replacements whose scaled selection coefficient is greater
than N,s. Fig. 4 shows these functions as estimated from the
present data. About 50% of all amino acid replacements have
Nes < 2, >80% have N,s < 4, and 99% have N, < 7.
Correspondingly, «(2) = 0.54, a(4) = 0.16, and «(7) = 0.01.
These estimates contrast with that of @ = 0.25 = 0.20 (6), which
assumes three classes of nonsynonymous mutations (deleterious,
neutral, and beneficial) with deleterious mutations being so
deleterious and beneficial mutations being so beneficial that
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Fig.3. Estimated proportion of fixed amino acid replacements between D. melanogaster and D. simulans whose scaled selection coefficient is less than various
specified valus of Nes, ordered by rank among all 91 genes. N, is the diploid effective population number and s is the conventional selection coefficient. Blue
dotsindicate genes expressed approximately equally in adults of both sexes; green dots indicate genes with female-biased expression; and red dots indicate genes

with male-biased expression.
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Fig. 4. Inferred cumulative density function (CDF) of the scaled selection
coefficients among fixed amino acid replacements in 91 genes between D.
melanogaster and D. simulans. Ne is the diploid effective population number,
and s is the conventional selection coefficient. CDF(Nes) is the average pro-
portion of amino acid differences whose scaled selection coefficient is smaller
than Nes, and a(Nes) is the proportion of amino acid differences whose scaled
selection coefficient is greater than Nes.

neither class contributes significantly to polymorphism. Our
model takes slightly deleterious and weakly beneficial mutations
into account, and as shown in Fig. 2 these classes of mutations
do contribute substantially to amino acid polymorphisms. The
estimate a = 0.25 corresponds roughly to «(1.15) in Fig. 4, hence
it implies a threshold for near-neutral effects of N.s = 1.15.

Discussion

Our model makes a number of assumptions that should be
emphasized. The theory assumes mutation-selection-drift equi-
librium, invokes diffusion theory, stipulates independence be-
tween nucleotide sites, and posits additivity of fitness effects of
mutations at different nucleotide sites. The first assumption
could be undermined by demographic factors such as population
bottlenecks or expansions, the second could be compromised by
very strong positive selection, the third may be challenged for
genes in regions of the genome with reduced recombination, and
the fourth could be subverted by potential epistatic effects of
nonsynonymous mutations in the same gene (9). Additional
study is needed to determine how robust the model may be to
small departures from the assumptions.

Several features of the results give some reassurance because
they support plausible notions and other evidence that most
nonsynonymous mutations and many nonsynonymous polymor-
phisms are deleterious (1, 5, 8-10). Our analysis implies that
some 19 of 20 new amino acid replacements are deleterious with
an average fitness reduction on the order of five times the
reciprocal of the effective population size. These estimates
pertain only to the subset of nonsynonymous mutations whose
effect are not so severe as to preclude their becoming polymor-
phic, but they support other evidence that selection against
deleterious mutations plays in key role in shaping patterns of
genetic variation in Drosophila (33). Likewise, we estimate that
~7 of 10 amino acid replacements that are polymorphic in
samples are deleterious.

One feature of our results that might animate some surprise
is the high proportion of amino acid fixations between species
that show positive selection, ~95% in our data. This finding
seems to reflect what Wallace (34) called the “overwhelming
odds against the less fit.” It can be appreciated quantitatively by
noting that a new mutation with N.s = 2 is eight times more likely
to be fixed than one with N.s = 0 and ~3,000 times more likely
to be fixed than one with N,s = —2. There would be a
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preponderance of deleterious fixations if beneficial mutations
were vanishingly rare. But for mutations with selective effects
near neutrality, Fisher (35) argued from analogy that the pro-
portion of beneficial mutations should actually be close to
one-half:

“The conformity of these statistical requirements with
common experience will be perceived by comparison
with the mechanical adaptation of an instrument, such
as the microscope, when adjusted for distinct vision. If
we imagine a derangement of the system by moving a
little each of the lenses, either longitudinally or trans-
versely, or by twisting through an angle, by altering the
refractive index and transparency of the different com-
ponents, or the curvature, or the polish of the interfaces,
it is sufficiently obvious that any large derangement will
have a very small probability of improving the adjust-
ment, while in the case of alterations much less than the
smallest of those intentionally effected by the maker or
the operator, the chance of improvement should be
almost exactly half.”

This inference also follows from the assumption of a normal
distribution of selection coefficients, because adjacent small
intervals of the same width on opposite sides of N.s = 0 will have
approximately equal areas.

The results in Fig. 4 might give satisfaction to both selectionists
and nearly neutralists. On the one hand, ~95% of the fixed
amino acid replacements are positively selected; on the other
hand, most of the selection coefficients are small (average N,s ~
2.5). As emphasized by Nei (32), the fate of mutations with such
a small selective advantage will be determined in large part by
random genetic drift. Nevertheless when a large number of sites
are examined (>58,000 nonsynonymous sites in the present
case), the statistical signal of weak positive selection is evident.
These results suggest that, across the genome as a whole, weak
positive selection plays an important role in the evolution of
protein sequences.

What fraction of amino acid replacements should be consid-
ered as nearly neutral is a matter of definition. Ohta (36) has
stressed that the key feature of nearly neutral mutations is that
their fate in the population depends on both selection and
random genetic drift and has suggested that an absolute value of
N.s < 2 would be suitable as a definition. For our data, this
threshold implies that ~46% of fixed amino acid replacements
are selectively nearly neutral. One might also regard a mutation
as selectively nearly neutral if its probability of fixation were <10
times that of a truly neutral allele; with this definition N,s = 2.5
and the proportion of fixed amino acid replacements that are
selectively nearly neutral is 58%. A threshold of N.s = 4 yields
a proportion of selectively neutral amino acid fixations of 0.84.
Nei (32) has given reasons a much larger threshold could be
defended. If Ns = 7 the proportion of nearly neutral amino acid
replacements becomes 0.9878, and for N.,s = 10 it becomes
0.9996. Our model also explicitly assumes that all synonymous
polymorphisms and replacements are neutral or nearly neutral.
Because our model as presently formulated pertains only to
coding regions, which are very sparse in complex genomes such
as the human genome, the model is uninformative with regard
to the selective effects of mutations in introns and other non-
coding regions.

What might be the molecular mechanism behind extremely small
selective effects of amino acid replacements? There is no definitive
evidence, but DePristo et al. (37) have suggested a model of protein
evolution in which many amino acid replacements result in very
small differences in protein stability, aggregation, or degradation.
Their model is based on the observation that many native proteins
have a free energy of folding equivalent to only a few hydrogen

PNAS | April 17,2007 | vol. 104 | no.16 | 6509

w
-
<
&
<
g
>
()
>
=
=

EVOLUTION



Lo L

P

1\

=y

bonds. Most amino acid replacements are assumed to be approx-
imately additive with respect to their effects on stability, aggrega-
tion, or degradation, and within broad limits are selectively nearly
neutral. Outside these limits increased instability results in greater
aggregation and degradation and a lower equilibrium concentration
of active protein, whereas increased stability results in resistance to
degradation and a greater concentration of active protein. The
effect of any amino acid replacement therefore depends on its
context. What is slightly deleterious in one genetic background may
be mildly beneficial in another. However, most amino acid replace-
ments with small effects are expected to be deleterious. It has been
noted that the low frequencies of most amino acid polymorphisms
in natural populations of E. coli and Salmonella enterica imply that
the mutations are slightly deleterious (38), and in the context of the
stability-aggregation-degradation model it is of interest that virtu-
ally all of these are physically located in regions of high solvent
accessibility on the “outside” of the molecule (39).

The mapping of stability and aggregation onto fitness implies
that amino acid replacements would show epistasis at the level
of fitness even though they may be additive in their contribution
to the free energy of folding. The model of selection presented
here does not capture these interaction effects on fitness, nor
does it capture the potential context dependence of amino acid
replacements. Any model that takes such interactions into
account might have to be quite protein-specific. Our model is
more generic and may instead be thought of as estimating the
“effective” selection among nonsynonymous mutations in a set
of ideal loci in which all nucleotide sites are independent and all
selective effects constant and additive, and whose levels of
polymorphism and divergence are similar to those observed
among the actual loci.

Methods

In principle, after initialization, each each step of the Monte
Carlo Markov chain in the (3k + 4)-dimensional parameter
space of vectors (v, 6y, 0, T, 0w, u, 0p) could be composed of
a series of Metropolis-random-walk (40) or Gibbs-sampler (41)
substeps, with each substep updating a single 1D or 2D com-
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ponent of the vector of parameters. The structure of the model
is such that 6,; and 6,; have Gibbs-sampler updates based on
gamma distributions, and (u, o) together can be updated by
using a 2D inverse-gamma-normal Gibbs update (27). The other
components would be updated by using Metropolis random-walk
steps. Updating o,, is the most time-consuming step in this
algorithm because each update requires the numerical calcula-
tion of up to 4k double integrals.

In practice, the method described above took extremely long
to converge, with some data sets converging to different distri-
butions depending on the initial point. The reason was that
updates of (u, 0y,) in particular, and to a lesser extent (u, oy, 0,
v:), were highly autocorrelated. What was done was to use a long
run of the process described above to estimate a joint covariance
matrix for (u, o, o). The Metropolis update for o, was then
replaced by a joint Metropolis update of (w, oy, o)) based on a
3D normal distribution with a larger step. A linear or skew
transformation of the y; was made at the same time correspond-
ing to the change in (u, 05). The resulting (k + 3)-dimensional
update is not of Metropolis—Hastings form because it is defined
by a singular motion in (k + 3) dimensions, but it does satisfy the
detailed balance condition (42, 43) and hence preserves the pos-
terior likelihood. The resulting process converged to the same
distribution independent of starting position. Trace plots of the
hyperparameters (u, oy, 0) appeared highly random.

The results are based on 10 consecutive subchains of 200,000
samples each after a burn-in of 1 million iterations. Samples were
taken every 10 iterations to reduce autocorrelation, so there was
a total of 21,000,000 iterations. Acceptance proportions for the
Metropolis random-walk component updates ranged from 0.17
to 0.32. The Gelman et al. (27) statistic for convergence ranged
from 1.000 to 1.020.
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